Clones of human colon carcinoma (WiDr), ovarian carcidecrease possible. The percentage of NR-expressing cells noma (SK-OV-3), and Chinese hamster V79 cells expressfor which the TE was 50%, (the TE 50 ) is a single datum of ing the nitroreductase enzyme (NR) from E. coli B were bystander efficacy. WiDr and V79 cell lines, had a similar 52-, 225-and 177-fold respectively more sensitive to a TE 50 of approximately 2%. SK-OV-3 gave a lower value of 24-h incubation with the prodrug 5-(aziridin-1-yl)-2,4-0.3%. These TE 50 correlate with concentrations of cytosolic dinitrobenzamide (CB1954) than the parent lines. The NR activity, which is distinguished from endogenous DT IC 50 s of non-NR-expressing bystander cells were measdiaphorase activity by kinetic differences. A novel method ured in the presence of differing proportions of NRis described which enables both DNA crosslinks and drugexpressing cells. The shift in IC 50 was used to calculate induced single-strand breaks to be simultaneously quanta value for the bystander effect, termed the transmission ified in a sedimentation assay. Using this technique, efficiency (TE), which is the decrease in IC 50 due to bystander DNA damage was demonstrated in V79 cells, of bystander effect as a percentage of the maximum approximately 50% of that in activator cells.
Introduction
and DNA crosslinking was observed.
3 NR-expressing E. coli nitroreductase in combination with CB1954, has NIH-3T3 cells have been shown to exhibit a bystander been proposed as an enzyme-prodrug activated system effect against NR-negative NIH-3T3 cells, 5 and this has for anti-cancer gene therapy. Gene-directed enzyme probeen shown to be mediated by the primary NRdrug therapy (GDEPT), or suicide gene therapy, is a stratmetabolites of CB1954, the 2-and 4-hydroxylamines egy which involves delivery of the gene for a foreign which can passively diffuse out of producer cells and into enzyme to tumour cells that, after expression of the protarget cells, regardless of the presence or absence of gap tein, are able to activate a non-toxic prodrug. 1 A variety junctions. 4 A bystander effect has also been demonstrated of enzyme-prodrug combinations has been successfully in human pancreatic tumour SUIT2 cells. 6 However, in a shown to sensitise mammalian cells to prodrugs. 1 Howtransgenic mouse model, a complete lack of bystander ever, it is probable that only a small proportion of the effect between NR-positive luminal breast cells and cells in a tumour will be induced to express the exogenclosely associated NR-negative myoepithelial cells was ous enzyme. 2 Since the prodrug is a selective agent observed, 7 although a bystander effect between NRagainst those cells expressing the suicide gene, the effect positive T cells and NR-negative B cells in the spleens of of prodrug treatment could be to generate a prodrugtransgenic mice has been inferred. 8 The degree to which resistant population, in a manner similar to conventional a bystander effect is beneficial is dependent upon its chemotherapy. It is therefore essential for GDEPT that extent. It must be sufficiently great to destroy all the nonthere is a bystander effect, whereby tumour cells that do expressing tumour cells, but not be so great as to negate not express the suicide gene, can be killed by active cytothe benefits of targeting. We therefore wished to investitoxic drug formed in neighbouring cells which express gate further the bystander effect of CB1954 and to the foreign enzyme. A bystander effect with CB1954 has develop methods for its quantification. These quantitative been demonstrated in several cell systems in tissue culdata may be predictive for the comparison of alternature.
3-5 When Walker rat carcinoma cells, which can tive systems. spontaneously activate CB1954, were co-cultured with sensitive to CB1954 than the parent lines, when assayed by 96-h continuous exposure.
The bystander cytotoxicity assay
The curves generated from 100% target, or 100% activator cells define the cytotoxicity of CB1954 to the two cell types, and the ratio between the IC 50 for these two cells is the dose modification factor accompanying activation of the prodrug. Under the conditions chosen, the activator cells do not contribute to the profiles of the mixtures. When activator cells were included, an intermediate curve was generated whose position relative to the two extremes as a function of proportion of activator cells present is a characteristic of the bystander ability of the active drug. Thus for each value of percentage activators, an IC 50 is produced. A value we termed the transmission efficiency (TE) has been calculated for each mixture as: This transmission efficiency can then be plotted as a function of the percentage activators. It was found that as a semilogarithmic plot, the data fitted well to a sigmoid. A single value could be derived from such a plot which is the percentage of activators at which the value of the transmission efficiency is 50%. This value is the percentage activators at which the IC 50 for the prodrug is halfway between the IC 50 for 100% activators and 100% targets. The target cells are thus experiencing half the concentration of the active drug compared with activator cells. This value, termed the TE 50 , may be used to compare bystander effect experienced by different cells, or between different compounds.
Bystander cytotoxicity of CB1954 in WiDr SK-OV-3 and V79 cells A differential in sensitivity between NR-expressing and non-expressing cells to CB1954 of 52-, 225-and 177-fold was observed for WiDr (Figure 1a) , SK-OV-3 ( Figure 1b ) and V79 (Figure 1c) respectively. In each cell type, inclusion of an increasing proportion of activator cells resulted in a reducing IC 50 , indicative of a bystander effect. When these results were used to generate TE 50 curves, WiDr and V79 were similar giving a TE 50 of approximately 2%, while the SK-OV-3 gave a value of approximately 0.3% (Figure 2 ).
NR assay
In NR-positive and NR-negative WiDr cells, similar values of 3037 and 2298 units respectively were found at 10 m menadione, this activity being principally ascribable to DTD (Figure 3a) . At 500 m menadione, the value in NR-negative cells unexpectedly fell to 648 units, and was a similar 595 units in NR-positive cells. Thus there was no excess activity ascribable to NR. In both NR- dione was higher at 1283 units. If one assumes that in simultaneous production of drug-induced single-strand breaks (or alkali-labile sites). Hence, alkaline filter elution has generally been preferred. A computer model for generating theoretical sedimentation patterns of DNA containing single-strand breaks and interstrand crosslinks has been previously described. 9 This computer model can be used to enable crosslinks to be measured at the same time as drug-induced single strand breaks. The effect of interstrand crosslinks is to alter the mass distribution in favour of larger molecules which sediment further into the gradient. 10 However, the effect on the number average molecular weight of the whole population is slight, because crosslinking probability is proportional to size, and so predominantly affects the larger molecules of the distribution, reducing their number whilst increasing their weight. Conversely, strand breakage generates more molecules of smaller size, and so has a large effect on number average molecular weight. The comparative effect of interstrand crosslinks and single strand breaks on the number average molecular weight of a distribution is illustrated ( 
vator cells to target cells with percentage of activator cells following treatment of WiDr (̄), SK-OV-3 (̆), or V79 () cells with CB1954.
using Mn 0 = 2E8 where P c and P b are the crosslink and break frequencies respectively, Mn c and Mn t are the number average molecular weights resulting from the introthese cells the DTD activity at 500 m menadione is similar to that in their NR-negative counterparts, a difference duction of those events into the starting molecular weight Mn 0 . 10 Also shown is the comparable result using the of approximately 1000 units is attributable to NR. Values of NMOR activity in both NR-positive and NR-negative stochastic model and calculating the M n by summation.
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If one assumes the influence of crosslinks on number V79 cells were at background level both at 10 and 500 m menadione, indicating very low levels of both DTD and average molecular weight to be negligible, then the difference in molecular weight between treated and control NR (data not shown).
can be said to be due entirely to drug-induced strand breaks. The contributions of fractions 1-3 and 27-30 are Simultaneous measurement of drug-induced strand breaks and interstrand crosslinks from sedimentation numerically excluded since these often contain spurious material that can unduly influence the result. 12 The model data using a Monte-Carlo model A shortcoming of the sedimentation method of measuris then used to generate a profile of the same molecular weight as the drug-treated, but lacking crosslinks. This ing interstrand crosslinks is an inability to cope with the 
Induction of bystander-induced DNA damage by CB1954
14 C-DNA labelled T78-1 cells were exposed to 5 or 10 m CB1954 for 24 h, either alone or in the presence of an equal number of unlabelled T79-A3 cells, giving a confluent monolayer. When treated alone, virtually no difference in DNA sedimentation profile was observed between either dose of CB1954 and the control ( Figure  6a ). When co-cultured with T79-A3 cells, the DNA of the T78-1 cells showed changes consistent with the presence of both crosslinks and strand breaks, as above ( Figure  6b ). When analysed and re-modelled as above ( Figure  6c) , little difference in the extent of crosslinking difference between the two doses of CB1954 was seen. The ratios of DNA events produced in T79-A3 cells (directly) to T78-1 cells (indirectly) are 1.6-fold and 0.5-fold (breaks), and 1.36-fold and 2.75-fold (crosslinks) at 5 and 10 m of CB1954, respectively.
Discussion
Since the extent of bystander effect will be crucial to the success of any GDEPT system for cancer treatment, we wished to examine approaches to quantification. A method has been described whereby the extent of accompanying expression of NR. It has been described 14 that above a threshold level of enzyme activity, the dose modification factor is not related to levels of expression of NR although this was provides the appropriate control for calculating the numnot seen in retrovirally transduced cells. 6 We show that ber of crosslinks in the treated profile by the arithmetic concentrations of the endogenous nitroreductase, DTD, method. 13 Finally, the result can be double checked by are also important in determining the dose modification generating a modelled result, having the calculated numfactor. Following a 96-h prodrug exposure, the cytotoxicber of crosslinks.
ity differential is inversely related to levels of DTD, reflecting the sensitivities of the non-NR-expressing cells, whilst the NR-expressing cells are of similar sensitivities Crosslinking and strand breaking of DNA by CB1954 in NR-transfected cells despite widely differing levels of NR. Following a 24-h exposure, the effect of DTD was less apparent. Where NR 14 C-DNA labelled T78-1 and T79-A3 cells were exposed to 5 or 10 m CB1954 for 24 h. Little difference in sediis in excess, the rate-limiting step is probably the availability of the S-acyl thioesters (such as acetyl CoA), mentation profile was observed between treated and control T78-1 cell DNA (Figure 5a ). In T79-A3 cells, the DNA required for the formation of the N-acetoxy derivative, which is the cytotoxic species. By contrast with the cytosedimentation profile became progressively both broader (indicating the presence of interstrand crosslinks), and toxicity differential, the TE 50 does appear to be related to level of NR, the SC3 cells having the highest levels of left-shifted (indicating the presence of single strand breaks/alkali labile sites) (Figure 5b ). The differences in enzyme and lowest TE 50 , ie the greatest bystander effect. This is reasonable since it would take fewer cells to gen-M n of the T79-A3 DNA profiles indicated drug-induced strand breakage of 1.8 and 6.8 breaks per 10 9 Da for 5 erate the same amount of the hydroxylamines, which are known to mediate the bystander effect, 4 the N-acetoxy and 10 m CB1954, respectively. Modelled profiles were generated having the same molecular weights as the compound being too unstable. A similar consideration may explain the lack of bystander effect observed in the drug-treated T79-A3 cells, the data profiles were recalculated without the top four and bottom six fractions, and breast tissue of transgenic mice. 7 In this system, the NR was expressed during lactation when high levels of acetyl the amount of crosslinking in the data profiles was calculated arithmetically from the difference between the CoA for rapid fatty acid biosynthesis would be expected, which could 'mop-up' all the hydroxylamines. modelled and the experimental profiles. This analysis indicated an average of six ( Figure 5c ) and 11 ( Figure 5d) Bystander effect can also be quantified in terms of DNA damage. The crosslinking of DNA by CB1954 folcrosslinks per 10 9 Da for 5 and 10 m concentrations of CB1954, respectively. As a final confirmation, these lowing reduction by DTD has been shown in rat Walker tumour cells, and this has been shown to be exclusively crosslinking frequencies were then modelled in the same size of DNA, and yielded theoretical profiles very similar due to the 4-hydroxylamino product. The 2-hydroxylamino product does not produce crosslinks, but does proto the experimental ones. duce single strand breaks (alkali-labile sites). Since NR valid. When T78-1 cells were exposed to 5 or 10 m CB1954 for 24 h, virtually no change in the DNA sediproduces each isomer both types of DNA damage would be expected to be present, and a way has been described mentation profile was seen compared with the control. By comparison T79-A3 cell DNA showed a change to quantify them simultaneously by a sedimentation method. This method relies on the fact that crosslinks which, when deconvoluted using the above procedure, revealed a dose-related production of both single-strand alter the mass distribution profile significantly whilst having a relatively minor effect on number average molbreaks and interstrand crosslinks (about twice as many crosslinks as breaks). Since NR produces equimolar ecular weight, whilst for strand breaks the converse is true. This is illustrated by comparing number average amounts of the 2-and 4-hydroxylamines, equal amounts of both types of damage would be expected. That this is molecular weights obtained deterministically with those obtained stochastically. The close agreement confirms the not the case probably reflects the exceptionally long halflife of this chemically unusual crosslink. 15 The half-life of reliability of the model. The approximation is made that the minor increase in number average molecular weight the monoadduct formed by the 2-hydroxylamine has not been determined, but it is reasonable to expect it to be accompanying crosslinking is zero. Since all other methods for simultaneous measurement contain similar more akin to those produced by other alkylating/arylating agents, resulting in the lower number of assumptions this is not unreasonable. The model can be used further to generate theoretical profiles containing breaks than crosslinks observed at 24 h. Exposure of T78-1 cells to 5 or 10 m of CB1954 in the presence of an equal the numbers of strand breaks and crosslinks derived from the first part of the procedure. That these are very similar number of T79-A3 cells as an intimately close monolayer gave similar numbers of crosslinks and strand breaks in to the experimental profiles shows that the technique is 
Materials and methods

bers of crosslinks and breaks seen in this experiment
Except where stated, chemicals and reagents were supcompared with the number seen in the T79-A3 cells plied by Sigma (Poole, UK). themselves suggests that, under these conditions, the amount of damage sustained by the bystander cells is Plasmid construction and generation of cell lines about half that of the activators. The method could thus expressing NR be used comparatively to assess the extent of bystander WiDr (ATCC No. CCL218), a human colorectal adenocareffect.
cinoma cell line was grown in monolayer culture in In summary, we have demonstrated two approaches to DMEM containing 10% FBS, 4 mm glutamine and 200 quantification of the bystander effect, which could be of units penicillin/200 g streptomycin. SK-OV-3 (ATCC use in developing a GDEPT system. The TE 50 approach
No. HTB 77), a human ovarian adenocarcinoma cell line, has already been used with V79 cells for comparing a was grown in McCoy's 5A medium containing 10% foetal panel of candidate prodrugs. 16 Our results suggest that calf serum, 4 mm glutamine and 200 units penicillin/200 the level of enzyme expression will be important to the g streptomycin per millilitre (all media from Gibco BRL bystander effect. A few per cent of activator cells has Life Technologies, Paisley, UK). All cells were maintained been shown to produce a substantial bystander effect, in a humidified atmosphere at 37°C with 7% CO 2 . and since the proportion of transfected cells achievable
The NR coding sequence was amplified from the Berin a therapy is likely to be less than 10%, this is very kley B strain E. coli with Taq polymerase and the primers: 5Ј ACTTTCAAAGCTTCCACCATGGATATCATTTCT 3Ј encouraging. and 5Ј TATGATGAGGATCCAAACAGGGTTATGCAA ered saline). After 30 min at 0°C the lysates were warmed to 37°C and centrifuged at 10 000 g for 5 min, and the 3Ј to introduce a Kozak sequence at the start codon to improve translation in eukaryotic cells and to provide cytosols recovered from the detergent/debris pellet.
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Protein concentrations were assayed using BioRad HindIII and BamHI restriction sites for cloning. The 722 bp fragment produced by digestion of the PCR product reagent (BioRad, Hemel Hempstead, UK). The levels of dicoumarol-inhibitable NMOR (NAD(P)H-menadione with these enzymes was cloned into the multiple cloning site of pCDNA3 (Invitrogen, Leek, The Netherlands) oxidoreductase) activity in the cytosols were assayed by reduction of the terminal electron acceptor, cytochrome downstream of the CMV promoter to generate pCDNA3-NTR.
C, monitored at 550 nm, and expressed as moles reduced per minute per milligramme cytosolic protein. 18 Transfection of plasmid vectors into cells was achieved by a Lipofectin method (Gibco BRL). Six-well plates Dicoumarol was used at a concentration of 1 mm which was shown to produce 100% inhibition of activity. Activi-(Falcon Labware, Oxford, UK) were seeded at 5 × 10 5 cells per well and incubated overnight. For each well, 2 g of ties were assayed both at 10 m and 500 m menadione, commensurate with the K m for human DTD (3.1 m)
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DNA was mixed with 10 l lipofectin reagent in 200 l serum-free media (Opti-MEM; Gibco BRL) and left at and NR (80 m). 14,20 A comparison of the activities at these two concentrations of menadione, and between room temperature for 15 min. Cells were washed in 2 ml Opti-MEM and the lipofectin reagent-DNA complex was transfected and untransfected cells can thus yield an approximate value of the activity due to NR alone. added in 2 ml Opti-MEM. The cells were incubated overnight at 37°C in a CO 2 incubator and the Opti-DNA damage assays MEM/lipofectin-DNA complex replaced the following Crosslinking of cellular DNA was measured by sedimenday with 3 ml fresh medium containing serum. After tation in alkaline sucrose, as described previously. 10 another 24-h incubation the cells were trypsinised and Additionally, an enhancement of the previously plated out on three Petri dishes (90 mm × 20 mm, Falcon) described computer model of sedimentation patterns of in media containing selection (Geneticin-G418; Gibco crosslinked DNA 9 was developed to allow simultaneous BRL) at a concentration of 800 g/ml for the SKOV-3 and measurement of DNA single strand breaks. Cultures of 400 g/ml for WiDr. Clones growing as isolated colonies T78-1 and T79-A3 cells were DNA-labelled overnight were identified and picked after 10-14 days and scaled with 14 flasks at confluence, and exposed to 5 or 10 m CB1954 for 24 h. Following exposure to the drug, the cells were Measurement of IC 50 and bystander effects harvested, and analysed for DNA damage. The experiTo assess bystander capability, a re-spreading assay was ments are internally standardised, and the derived values developed. Target cells (non-NR-expressing) were loaded unaffected by choice of radiation dosage, which reflects in quadruplicate at 10 5 cells per well together with actia minor adjustment to dynamic range. vator (NR-expressing) cells, starting at 4 × 10 4 cells per well, reducing in 12 stages of 2 times, to 20 cells per well.
